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Abstract Based on simulations with the Chemical Lagrangian Model of the Stratosphere (CLaMS) for
the period 1979–2013, with model transport driven by the ECMWF ERA-Interim reanalysis, we discuss the
impact of the El Niño Southern Oscillation (ENSO) on the variability of the dynamics, water vapor, ozone, and
mean age of air (AoA) in the tropical lower stratosphere during boreal winter. Our zonally resolved analysis
at the 390 K potential temperature level reveals that not only (deseasonalized) ENSO-related temperature
anomalies are conﬁned to the tropical Paciﬁc (180–300∘E) but also anomalous wave propagation and
breaking, as quantiﬁed in terms of the Eliassen-Palm (EP) ﬂux divergence, with strongest local contribution
during the La Niña phase. This anomaly is coherent with respective anomalies of water vapor (±0.5 ppmv)
and ozone (±100 ppbv) derived from CLaMS being in excellent agreement with the Aura Microwave Limb
Sounder observations. Thus, during El Niño a more zonally symmetric wave forcing drives a deep branch
of the Brewer-Dobson (BD) circulation. During La Niña this forcing increases at lower levels (≈390 K) over
the tropical Paciﬁc, likely inﬂuencing the shallow branch of the BD circulation. In agreement with previous
studies, wet (dry) and young (old) tape recorder anomalies propagate upward in the subsequent months
following El Niño (La Niña). Using CLaMS, these anomalies are found to be around +0.3 (−0.2) ppmv and −4
(+4) months for water vapor and AoA, respectively. The AoA ENSO anomaly is more strongly aﬀected by the
residual circulation (≈2/3) than by eddy mixing (≈1/3).
1. Introduction
Water vapor in the tropical lower stratosphere is a powerful greenhouse gas and important driver of climate
variability [Solomon et al., 2010; Dessler et al., 2013; Hegglin et al., 2014]. Beyond the annual cycle (tape
recorder), the interannual variability is mainly inﬂuenced by the quasi-biennial oscillation (QBO, mean period
of 28 to 29 months) [Baldwin et al., 2001; Dessler et al., 2013], by the El Niño Southern Oscillation (ENSO)
[Scaife et al., 2003; Randel et al., 2009], bymajor Sudden Stratospheric Warmings (mSSW) [Tao et al., 2015], and
to a weaker extent by the solar variability [Schieferdecker et al., 2015]. Using model simulations, Scaife et al.
[2003] found a signiﬁcantmoistening of the tropical lower stratosphere afterwarmENSOevents (El Niño)with
signatures resembling the tape recorder signal [Geller et al., 2002]. Trajectory-based studies driven by meteo-
rological reanalysis have shown that at least strong El Niño situations (like 97/98) have a moistening impact
(of a few tenths of a ppmv over a period of several months) and cold ENSO events (La Niña) have a smaller
drying impact [Bonazzola and Haynes, 2004; Fueglistaler and Haynes, 2005].
Basedon zonally averaged radiosonde and satellite observations,Randel etal. [2009] found that during El Niño
the tropical lower stratospherebecomes colder and is associatedwith anegativeozoneanomaly in this region.
Contrarily, during La Niña a warmer lower stratosphere is accompanied by a positive ozone anomaly. Consis-
tent with the ozone anomaly, Calvo et al. [2010] found that the Brewer-Dobson (BD) circulation strengthens
during El Niño events whereas during La Niña an opposite signal of weakening BD circulation could be diag-
nosed. Using theWholeAtmosphere Community ClimateModel (WACCM), they also identiﬁed ENSO-induced
anomalies in the location and in the intensity of the subtropical jets as the main reason for diﬀerent propa-
gation and dissipation patterns of parameterized gravity waves and, consequently, for stronger (weaker) BD
circulation during El Niño (La Niña) winter.
In this paper, we follow the spirit of these investigations. However, we extend the zonally averaged view to
a longitudinally resolved analysis of temperature, Eliassen-Palm (EP) ﬂux, water vapor, ozone, and mean age
of air (AoA) anomalies. A regionally resolved view on the processes coupling the ENSO variability with the
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variability of the location of the (Lagrangian) cold point, and Liess and Geller [2012] discussed the nonlinear
impactof theQBOon theENSO-relatedvariability of tropical deepconvection.As recentlypointedbyGarﬁnkel
et al. [2013], diﬀerences in the impact of El Niño on the stratospheric water vapor may also depend on its
maximum relative to the winter season (early or late winter/spring) and/or on its location (Central or Eastern
Paciﬁc). By using climate model simulations extending over 50 years, they found higher stratospheric entry
values of ≈0.5 ppmv (≈0.3 ppmv) if El Niño peaks in late winter/spring (over Eastern Paciﬁc).
In contrast to the QBO or solar variability which are global, downward propagating, and almost zonally
symmetric perturbations of the atmospheric ﬂow, the source of ENSO can be clearly localized in the tropical
Paciﬁc region. Thus, the propagation of the ENSO signal into the lower stratosphere has a signiﬁcant longi-
tudinal dependence with the strongest La Niña and El Niño signals in the Western and the Eastern Paciﬁc,
respectively. Calvo-Fernandez et al. [2004] found a very localized, ENSO-related source of temperature variabil-
ity in the zonally resolved temperature Microwave Sounding Unit (MSU) observations, mainly in the upper
tropical troposphere.
The key driver of the BD circulation in the stratosphere is themomentum transfer by planetary Rossby waves.
Although Rossby waves are transient events per se, which are equally likely everywhere along the mostly
zonally directed atmospheric jets, their spatial and temporal occurrence shows some systematic patterns.
These patterns can be linked to the orography or seasonality and, as we will show later, are also related to a
strongly localized ENSO variability. Therefore, we use a 3-D description as ﬁrst proposed by Plumb [1985] and
extend the common EP ﬂux diagnostics of the zonally averaged eddy ﬂuctuations [Andrews et al., 1987].
We also quantify the impact of the ENSO anomaly on the transport of water vapor, ozone, and AoA from the
Tropical Tropopause Layer (TTL) into the ascending branch of the BD circulation. To get statistically robust
results we use 35 years of the ERA-Interim reanalysis [Dee et al., 2011] covering the period 1979–2013 as
well as the respective output of the Chemical Lagrangian Model of the Stratosphere (CLaMS) [McKenna et al.,
2002; Konopka et al., 2004; Pommrich et al., 2014] driven by the winds, temperature, and diabatic heating rates
(vertical velocities) derived from this reanalysis. In the stratosphere and in the upper troposphere, potential
temperature 𝜃 is employed as the vertical coordinate of the model and the cross-isentropic velocity ?̇? = Q is
deduced from the ERA-Interim forecast total diabatic heating ratesQ, including the eﬀects of all-sky radiative
heating, latent heat release, and diﬀusive heating [Fueglistaler et al., 2009]. Both water vapor and ozone from
CLaMS are compared with the Aura Microwave Limb Sounder (MLS) data, version 4.2, covering the period
2004–2013.
Usingpotential temperature as the vertical coordinate andERA-Interimdata,we reexamine in thenext section
the well-known features of the ENSO-related variability of the BD circulation [Randel et al., 2009; Calvo et al.,
2010]. In sections 3 and 4, the zonally resolved analysis will be presented. Section 5 describes the slow vertical
ascent of these anomalies into the tropical lower stratosphere (tape recorder) in the months following
La Niña/El Niño winters and section 6 quantiﬁes the zonal asymmetry due to ENSO. Finally, we discuss our
results in section 7.
2. ENSO Anomaly of the BD Circulation
First, the reference DJF climatology of the BD circulation averaged over the 1979–2013 period is shown in
Figure 1 (top row). Here the divergence of the EP ﬂux, div(EPF) [Andrews et al., 1987] (left) and the zonally
averaged total diabatic heating rates d𝜃∕dt (right) are displayed in a similar way as discussed in Konopka et al.
[2015]. While div(EPF)measures the wave forcing of the residual circulation with negative values driving the
poleward transport, d𝜃∕dt quantiﬁes the cross-isentropic transportwith positive andnegative valuesmeasur-
ing upwelling and downwelling. The black contours are the climatological zonal winds with a clear signature
of the subtropical jets and of the polar jet in theNorthernHemisphere above 𝜃 = 450 K. The shallow and deep
branches of the BD circulation can be clearly recognized in both diagnostics and are marked schematically as
yellow arrows.
Historically, ENSO variability wasmainly based on sea surface temperature (SST) anomalies exceeding a pres-
elected threshold in a certain region of the equatorial Paciﬁc [see, e.g., Yeh et al., 2009, and references therein].
Here the ENSO variability is modeled in terms of the Multivariate ENSO Index (MEI) from the NOAA Climate
Diagnostic Center, http://www.esrl.noaa.gov/psd/enso/mei, by using the method described inWolter [1987].
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Figure 1. Zonally averaged view of the BD circulation during the La Niña/El Niño phases quantiﬁed in terms of the divergence of the Eliassen Palm ﬂux
(EPF), (left column) div(EPF) and of the zonally averaged total diabatic heating rates (right column) d𝜃∕dt as derived from the ERA-Interim data. The div(EPF)
quantiﬁes the wave-induced force (𝜎a cos𝜙)−1 ∇ ⋅ F (see Andrews et al. [1987, equation 3.9.7a]; 𝜎-isentropic zonal mean density, a-Earth’s radius, 𝜙-latitude].
(top row) The 35 year DJF climatology (1979–2013). The solid and dashed lines are the zonal means of the westerlies (10, 15, 20, 25, and 30 m/s) and easterlies
(−5, −10, −20, and −30 m/s), respectively. (middle and bottom rows) Composites for the La Niña and El Niño winter months of the respective deseasonalized
anomalies with statistically signiﬁcant diﬀerences hatched. Zonal mean temperatures (yellow isolines with values 191, 193, and 195 K from thick to thin) and the
total zonal wind averaged between 180 and 300∘E are also shown.
MEI (Figure 2) is derived from a combination of SST and ﬁve other meteorological ﬁelds like surface wind,
pressure, temperature, and total cloudiness.
Positive values of MEI quantify El Niño or warm ENSO events and correspond to warm SSTs in the tropical
central Paciﬁc (N3.4 region) as well as to warm tropical troposphere anomalies with enhanced zonal mean
temperature at 300 hPa [Randel et al., 2009]. On the other hand, La Niña or cold ENSO events are characterized
by negative MEI values and are associated with a slightly colder SST and drier tropical troposphere. As we will
see later, the strongest ENSO-related variability in the lower stratosphere is roughly conﬁned to the region
between ±50∘N and between 180 and 300∘E. In the following, we denote this region as the stratospheric
ENSO region.
For almost all pronounced ENSO events the MEI peaks in late boreal fall, winter, and early spring. In the fol-
lowing, we deﬁne two sets (composites) of ENSO events by the conditionMEI<−0.9 for La Niña andMEI> 0.9
for El Niño (red lines in Figure 2) and conﬁne our analysis to the boreal winter season (DJF). The considered
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Figure 2. Multivariate ENSO Index (MEI) from the NOAA Climate Diagnostic Center, [Wolter, 1987; http://www.esrl.noaa.
gov/psd/enso/mei]. The red lines denote the threshold values (±0.9) deﬁning the El Niño (positive) and La Niña (negative)
composites as used in this paper. Gray shading shows DJF.
composites, also in relation to the QBO phase and to the mSSW as discussed in Tao et al. [2015], are listed
in Table 1.
In this waywe get statistically signiﬁcant results both for thewhole period 1979–2013 and for the 2004–2013
period where MLS data are available (17/27 and 8/5 winter month for the La Niña/El Niño cases during the
wholeperiod and theMLSperiod, respectively). Sensitivity studies by changing the threshold values by±10%,
by extending the winter months (i.e., including November or March, like in Calvo et al. [2010]), or by removing
2 years with the westerly phase of the QBO in order to remove the QBO bias within the El Niño composite do
not change our conclusions (we will come back to the last point in section 5).
Using these two subsets, the ENSO-related anomaly of the BD circulation can be quantiﬁed. First, the desea-
sonalized anomalies Δ are calculated, i.e., the mean annual cycle of the considered quantity calculated over
the whole period 1979–2013 is subtracted from all elements of these two subsets. In Figure 1 (middle and
bottom), such deseasonalized anomalies Δ of div(EPF) (left column) and of d𝜃∕dt (right column) for the
Table 1. List of All Relevant La Niña (Boreal) Winters With MEI < −0.9 and El Niño Winters With MEI> 0.9 During the
1979–2013 Perioda
La Niña El Niño
Year Months QBO mSSW Year Months QBO mSSW
1988/1989 DJF W X 1979/1980 D E X
1998/1999 DJF E 1982/1983 DJF W
1999/2000 DJF W X 1986/1987 DJF E
2007/2008 DJF E X 1987/1988 DJ W X
2010/2011 DJF W 1991/1992 DJF E
2011/2012 DJ W/E X 1992/1993 F W
1994/1995 DJF E/W
1997/1998 DJF W
2002/2003 DJF W X
2006/2007 DJ W
2009/2010 DJF E X
aIn total there are 17 and 27wintermonths for the La Niña and El Niño composites, respectively, which are listed in the
twomain columns (D/J/F for December, January and February). In addition, the QBO phase (deﬁned by 30 day smoothed
equatorial wind at 50 hPa, E-easterly, W-westerly phase) and the winters with major Sudden Stratospheric Warmings
(mSSW) as discussed in Tao et al. [2015] are marked with “X”. Thus, within the La Niña (El Niño) composite there are 7 (11)
months in the easterly phase and 10 (16) months in the westerly phase of the QBO.
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La Niña and El Niño composites are shown. Statistically signiﬁcant diﬀerences between these two compos-
ites (hatched, same for the following results) are found by using the Monte Carlo test with 95% conﬁdence
level and 1000 iteration steps. Remarkably, signiﬁcant values of Δdiv(EPF) are conﬁned to the region of the
shallow branch of the BD circulation, i.e., to tropical and extratropical regions below 𝜃 = 400 K. Note that
the negative anomaly of div(EPF) during La Niña in the subtropics and tropics between 360 and 400 K leads
to a deceleration of the westerlies and is accompanied by a slowdown of the tropical upwelling. Reversely, a
positive anomaly of div(EPF) during El Niño seems to enhance tropical upwelling and, consequently, acceler-
ates the BD circulation. Both anomalies of div(EPF) and d𝜃∕dt are also consistent with the lowest zonal mean
temperatures being colder during El Niño than during La Niña (yellow contours). The change of the glob-
ally integrated upward mass ﬂuxes at 19 km is given by +9% during El Niño and −4% during La Niña phase,
relative to the 1979–2013 DJF mean (not shown).
3. Zonally Resolved Impact of ENSO
In the previous section, we considered the ENSO-related anomaly of the BD circulation from a zonally aver-
aged view. Thus, zonal asymmetrieswhichmay be expected froma spatially localized phenomenon like ENSO
are lost by taking the zonal mean. To quantify the eﬀect of eddy ﬂuxes on the mean ﬂow in terms of the EP
ﬂux, zonal averaging of correlation terms like v′T ′ or u′w′ is a necessary step [(u, v,w) and T denote the 3-D
wind and temperature, respectively, andprimes deﬁne the deviations from the zonalmeans, see, e.g.,Andrews
et al. [1987]. However, as proposed by Plumb [1985], all these (eddy) ﬂuxes can be ﬁrst averaged over time
(here: overmonth or season) at every (longitude, latitude, altitude) grid point, i.e., before computing the zonal
means (for some recentwork on this topic, see Kinoshita and Sato [2013]). Plumb [1985] argues that in this way
the stationary waves averaged over time (i.e., over month or season) can be regionally resolved in terms of a
zonally resolved divergence of the EP ﬂux.
Following the spirit of this approach, we start from the wave-induced force given by the divergence of the
Eliassen-Palm ﬂux vector F = (0, F𝜙, F𝜃) as (𝜎a cos𝜙)−1 ∇ ⋅F and appearing on the right-hand side of the zonal
mean zonal momentum equation in isentropic coordinates [see Andrews et al., 1987, equation 3.9.7a]. Here 𝜎
is the isentropic zonalmean density of air, a the Earth’s radius,𝜙 latitude, and overlines denote the zonal aver-
age. To analyze the zonal contributions to this zonal mean force, we consider the three-dimensional terms
contributing to the zonal mean divergence before calculating the longitudinal average. We denote these
terms as 3-D horizontal EP ﬂux divergence F3Dhor = (𝜎acos𝜙)
−1𝜕𝜙(F𝜙 cos𝜙) and 3-D vertical EP ﬂux divergence
F3Dvert = 𝜎
−1𝜕𝜃F𝜃 , with [see Andrews et al., 1987]
F𝜙 = −a cos𝜙(𝜎v)′u′ (1)
F𝜃 = g−1p′𝜕𝜆M′ − a cos𝜙(𝜎Q)′u′ , (2)
with 𝜆 longitude, g acceleration due to gravity, ppressure,Q the diabatic heating rate, andM theMontgomery
stream function being the potential of geostrophic wind on the isentropic surface [see Andrews et al., 1987].
We include the𝜎−1 factor in thedeﬁnitionof thedivergence terms F3Dhor and F
3D
vert for scaling reasons, as the force
in the zonal momentum equation appears with this factor. Note that we do not consider additional terms in
the zonal momentum equation which are not contributing to the zonal mean.
Following this procedure, in Figure 3 (top row) we show the boreal winter climatologies of temperature
(left) and div(EPF) ∶= F3Dhor + F
3D
vert at 𝜃 = 390 K (right). Both quantities are derived from ERA-Interim data
covering the winter months (DJF) from 1979 to 2013. Overlaid are respective horizontal winds and the iso-
lines of the Montogomery stream function also marking the climatological structure of the horizontal wind.
Note that the zonal integration of the zonally resolved div(EPF) exactly reproduces the zonal means shown
in Figure 1 (top left).
While the horseshoe pattern of the lowest temperatures over the tropical Western Paciﬁc with two almost
symmetric anticyclones (Gill-Matsuno solution, see Gill [1980] and Matsuno [1966]) is a well-known feature
of the boreal winter climatology [Nishimoto and Shiotani, 2012], the strongest meridional deviation of the
horizontal wind from its mainly zonal direction can be diagnosed over the ENSO region. This indicates
strong equatorial planetary wave activity in this region with subsequent eddy formation and dissipation. This
wave-mean ﬂow interaction is quantiﬁed in terms of the zonally resolved div(EPF) and shows the strongest
negative signature in the ENSO region. Negative values (dark blue) decelerate and positive values (light blue)
accelerate westerlies.
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Figure 3. ENSO-related variability of temperature T and of the zonally resolved divergence of the EP ﬂux div(EPF) at 𝜃 = 390 K as derived from the ERA-Interim
data. (top row) Absolute values averaged over the winter months (DJF) between 1979 and 2013. (middle and bottom rows) Composites of the deseasonalized
anomalies Δ for the (left) La Niña and (right) El Niño winter months deﬁned by the absolute values of ENSO index larger than 0.9. Overlaid are respective
composites of horizontal wind and of the Montgomery stream function. All shown anomalies (i.e., ΔT values diﬀerent from white color and hatched regions for
Δdiv(EPF)) are statistically signiﬁcant diﬀerences between both composites.
Now we analyze the ENSO-related variability within this climatology. In Figure 3 (middle and bottom rows)
the La Niña and El Niño composites of the deseasonalized anomalies are shown both for the temperature
ΔT and for the zonally resolved Δdiv(EPF). Both patterns of ΔT and Δdiv(EPF) show strongest signatures
within the ENSO region (i.e., between ±50∘N and 180 to 300∘E). Thus, during La Niña the lower stratosphere
over the ENSO region is by ∼4 K warmer and by ∼4 K colder during El Niño if compared with the 35 year
average. These anomalies are triggered by opposite anomalies in the troposphere with colder and warmer
SSTs during La Niña and El Niño, respectively. Calvo et al. [2010] have shown that the cooling (warming) in the
lowermost stratosphere is a dynamical response, mainly due to enhanced (reduced) gravity wave breaking
that is a consequence of a strengthened (weakened) subtropical jet during El Niño (La Niña). However, the
details of this coupling (due to direct inﬂuence of convection or due to wave-induced transport of heat from
the tropics to the extratropics or because of both) are not completely clear, hitherto.
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The analysis of the zonally resolved values ofΔdiv(EPF) in the ENSO region implies that strong eddies decel-
erating and deforming westerlies can be diagnosed during La Niña, whereas during El Niño the mean ﬂow
becomes almost zonally aligned. This allows the interpretation that the upward propagating planetary waves
aremore strongly absorbed during La Niña than during El Niño. This enhancedwave-ﬂow interaction process
during La Niña phase is conﬁned to the stratospheric ENSO region itself implying a more local forcing of the
shallow branch of the BD circulation. However, a quantitative comparison with the eﬀect of gravity waves as
found by Calvo et al. [2010] still remains an open question.
4. ENSO Eﬀect on Transport and Comparison With MLS
Clear climatological diﬀerences between amean La Niña and El Niño state as discussed in Figure 3 for zonally
resolved temperature, winds, div(EPF), and PV (not shown) distributions in the lower tropical stratosphere
suggest that such diﬀerences should also be found between the respective zonally resolved distributions of
water vapor, ozone, or mean age of air (AoA). Here we go beyond the zonal means discussed, e.g., in Randel
et al. [2009] or Calvo et al. [2010] and discus the regionally resolved patterns (see Garﬁnkel et al. [2013] for
water vapor) as can be derived from the MLS observations and CLaMS simulations. Figures 4 and 5 show
such La Niña/El Niño composites of deseasonalized anomalies of water vapor, ΔH2O, and of ozone, ΔO3, at
𝜃 = 390 K as derived for the period 2004–2013whenMLS data (version 4.2) are available. Top rows showMLS
observations, the middle rows the CLaMS results interpolated along the MLS proﬁles, and the bottom rows
show the respective results fromCLaMS for thewhole ERA-Interimperiod (1979–2013). ForΔH2O, the isolines
of lowest temperature at 𝜃 = 390K are overlaid,which are calculated for the same LaNiña/El Niño ERA-Interim
composites (i.e., extending over the 1979–2013 period) as estimates of the position of the (Lagrangian) cold
point. The applicationof theMLSaveraging kernels onCLaMSoutput doesnot signiﬁcantly change theCLaMS
distribution in low latitudes, sowe show the “untreated”CLaMSoutput (asdiscussed inPloegeretal. [2013], the
strongest smoothing impact of the averaging kernel has to be expected for high latitudes rather than in the
tropical lower stratosphere). The statistically signiﬁcant diﬀerences between La Niña and El Niño composites
are denoted as bold points.
The comparison between MLS and CLaMS composites of anomalies shows a remarkably good agreement
although considerable diﬀerences exist between the absolute values (MLSwater vapor and ozone in the trop-
ics exceed CLaMS results by less than 0.3 ppmv and 100 ppbv, respectively, not shown). The comparison
between the results for theMLSperiod (Figures 4 and 5, top andmiddle rows)with the results obtained for the
whole ERA-Interim period (Figures 4, bottom row and 5, bottom row) also shows that the general features are
the same, independent of the diﬀerent time periods taken into account. While the dry water vapor anomaly
during the El Niño phase can be found over the East Paciﬁc and coincides well with the lowest temperatures
in this region, the much weaker dry anomaly during the La Niña phase is located further west with respect
to the temperature minimum (we will come back to this point in section 7). Moreover, the zonally resolved
distributions are very diﬀerent for the El Niño and La Niña cases with absolute diﬀerences exceeding 1 ppmv.
Finally, a supplementary picture of transport can be derived from the ozone anomalies shown in Figure 5.
Lower (higher) ozone values in the tropics (extratropics) during El Niño are consistent with more upwelling
(downwelling) in these regions if compared with La Niña. Due to mass conservation, an increased upwelling
in the tropics (which is due to stronger wave activity in the extratropics as can be deduced from the El Niño
panel in Figure 3) also results in an increased downwelling in the extratropics. Consequently, the enhanced
downwelling in theextratropicsbrings inmoreozone fromhigher latitudes/higher altitudes andcouldexplain
the extratropical enhancement of ozone during El Niño. On the other side, stronger eddy mixing during
La Niña could also increase the two-way isentropic transport of ozone with a positive anomaly in the trop-
ics and negative anomaly in the extratropics. By analyzing the ENSO-induced changes of the evolution of the
mean age of air, we show in the next section that changes in the residual circulation outweigh those in eddy
mixing, especially during El Niño.
5. Tape Recorder Signal of ENSO Anomalies
As shown in the previous section, La Niña and El Niño winters lead to very diﬀerent horizontal patterns of
H2O or O3 anomalies in the tropical and extratropical lower stratosphere. Figure 6 shows how these anoma-
lies propagate upward during the months following the winter (DJF) season (tape recorder). The zonally
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Figure 4. (top row) MLS water vapor (version 4.2) and (middle row) CLaMS water vapor sampled at the same times and
locations as the MLS proﬁles at 𝜃 = 390 K. Shown are La Niña/El Niño composites of respective deseasonalized anomalies
calculated over winter months when MLS observations are available (2004–2013). (bottom row) Same type of composites
but derived from CLaMS for the whole ERA-Interim period 1979–2013. Solid lines are isolines of the lowest temperatures
found for these two composites between 1979 and 2013 (with values: 189, 190, and 191 K from thick to thin, respectively).
Regions where the diﬀerences between La Niña and El Niño composites are statistically signiﬁcant (at 95% conﬁdence
level) are marked with bold points.
and meridionally (±20∘N) averaged signals are calculated for each of the 8 months following the respective
La Niña/El Niño DJF season by using the same La Niña/El Niño composites as in the previous sections. For
example, the data 4 months after a December with MEI > 0.9 and the data 4 months after a February with
MEI > 0.9 are collected within the same time bin, i.e., within the fourth month bin after the ENSO winter.
In this way, the eﬀect of ENSO on the air composition during the months following the ENSO winter can
be investigated.
Figure6 shows results forwater vapor andozoneasobservedbyMLSand simulatedwithCLaMSalong theMLS
proﬁles. Black dots denote statistically signiﬁcant results, and the thick solid gray line in the water vapor plots
approximates the mean position of the absolute water vapor maximum, i.e., of the “true” water vapor tape
recorder as derived from the MLS observations (2004–2013). While a clear wet anomaly propagates upward
to about 𝜃 = 600 K around 7 months after the (warm tropospheric) El Niño winter, a slightly weaker reverse
pattern can be diagnosed following La Niña. The upward velocity of this propagation is roughly the same as
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Figure 5. Same as Figure 4 but for ozone.
that of the “true” water vapor tape recorder. CLaMS simulations along MLS proﬁles reproduce the observed
patterns well. A slightly faster upward propagation of the tape recorder signal in CLaMS is consistent with the
low temperature bias and, consequently, faster upwelling in the ERA-Interim data [Dee et al., 2011].
While the signature of thewater vapor anomaly originates at the tropical tropopause andpropagates upward,
the reasons for the ozone anomalies are diﬀerent. First, we should notice that while water vapor in CLaMS is
calculated within the whole stratosphere, ozone above 𝜃 = 500 K is prescribed by the climatology [Pommrich
et al., 2014] which gives the reason for a strong discrepancy between themodel andMLS observations in this
region. Second, because ozone lifetime is shorter than that of water vapor, we are seeing a cumulative eﬀect
of transport and chemistry for ozone, while for water only transport inﬂuences the signal whichwas set at the
coldest temperature a parcel encountered. Thus, a negative ozone anomaly after El Niño winter seems to be
consistent with a stronger upwelling during El Niño [Randel et al., 2009; Calvo et al., 2010]. However, this could
also be caused by less in-mixing from the extratropics into the tropics as recently discussed by Ploeger et al.
[2015a] (we will come to this point later on).
To complete the picture andmake our analysis statistically robust, Figure 7 shows the same type of diagnostic
but for the whole period 1979–2013. Instead of ozone, mean age of air (AoA) is shown in Figure 7 (bottom),
which allows clearer statements with respect to transport if compared with a chemically active tracer like
ozone. Once again, the tape recorder pattern of the ENSO-related water vapor anomalies is almost the same
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Figure 6. (ﬁrst and second rows) Water vapor tape recorder signal (±20∘N) of the deseasonalized ENSO anomaly calculated for the months following the (left)
La Niña and the (right) El Niño winters by using the same type of composites as in the previous sections. The zero mark denotes the middle of the DJF season
(i.e., 15 January). In the ﬁrst and second rows MLS observations and CLaMS results interpolated along the MLS proﬁles are shown. (third and fourth rows) Same as
ﬁrst and second rows but for ozone. Black dots mark statistically signiﬁcant regions. The thick solid gray line in the water vapor plots approximates the mean
position of the absolute water vapor maximum, i.e., of the “true” water vapor tape recorder as derived from the MLS observations (2004–2013).
as in Figure 6, albeit slightly weaker, with stratospheric diﬀerences of about 0.2–0.3 ppmv between 2 and
8 months after El Niño and of about 0.1–0.2 ppmv after La Niña winters. These results are robust if the con-
sidered composites are slightly changed in order to remove a potential bias regarding the QBO phase. As can
be seen from Table 1, La Niña winters are almost equally aﬀected by westerly and easterly QBO phases, while
during El Niño thewesterlyQBOphase is overrepresented. However, by removing 4 yearswith the inﬂuence of
the westerly QBO (1997/1998 and 2002/2003), the change of stratospheric water entry values is less than 5%.
On the other hand, the tape recorder pattern becomes slightly faster and more pronounced (by ≈0.1 ppmv)
being consistent with faster upwelling during the easterly QBO phase.
Furthermore, the signatures of AoA are diﬀerent althoughmore similar to the distribution of ozone shown in
Figure 6 (bottom). Themost striking feature is that in the ﬁrst 4–5months after El Niño (LaNiña), wet (dry) H2O
anomaly is related to younger (older) AoA. However, this relationship is much less pronounced after La Niña
winters, although theΔAoA signatures of the La Niña and El Niño composites are strongly anticorrelated.
Nevertheless, the anomalies diagnosed in the AoA allow a much clearer interpretation. Using a Lagrangian
reconstruction of AoA along the residual circulation trajectories [see Ploeger et al., 2015b], Figure 8 decom-
poses the ENSO-related anomaly ofΔAoA into the contributions of the residual circulation (Figure 8, top) and
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Figure 7. (top row) ENSO-related water vapor tape recorder anomaly as in Figure 6 but from the whole CLaMS simulation covering the period 1979–2013. The
zonally resolved distributions at the positions denoted by black squares are discussed in Figure 11. (bottom row) Same as Figure 7 (top row) but for the mean age
of air (AoA).
of eddy mixing (Figure 8, middle). The quality of this decomposition is shown in Figure 8 (bottom) where the
total sum of ΔAoA (i.e., residual circulation + eddy mixing) is shown with only small diﬀerences to the orig-
inal ΔAoA distribution (Figure 7, bottom). We conclude that diﬀerences in ΔAoA due to residual circulation
(stronger during El Niño) dominate the diﬀerences due to eddy mixing, with respective contributions given
by 2/3 for residual circulation and 1/3 for eddy mixing. Especially during El Niño, planetary waves are less
Figure 8. Decomposition of ΔAoA into the contributions of the residual circulation (transit time along the 2-D residual circulation trajectories, top) and of eddy
mixing (integrated mixing along the trajectories, middle). (bottom) The total sum of ΔAoA (i.e., residual circulation + eddy mixing) is shown [Ploeger et al., 2015b].
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Figure 9. Climatological horizontal wind (color bar and arrows), PV = 5 PVU line (yellow) and Montgomery stream
function (black lines) distributions at 𝜃 = 390 K for the La Niña/El Niño cases. In addition, the SST anomalies as derived
from the lowest ERA-Interim layer are the proxies for regions with enhanced ENSO variability (orange, El Niño/cyan,
La Niña for positive/negative anomaly with isolines for ±1 and ±1.5 K, respectively). Furthermore, the respective OLR
climatology is shown quantifying the anomalies of the convective activity (red, 210, 220, 230, and 240 W/m2 from thick
to thin).
absorbed by themeandering jets and break at higher altitudes causing a faster tropical upwelling that is con-
sistentwith a younger AoAanomaly in the deep tropics andwith less (more) ozone in the tropics (extratropics)
as discussed in Figure 5.
6. ENSO and the Zonal Asymmetry
Thesediﬀerentpatternsofwavedissipation seemalso tobe related todiﬀerentpatternsof sea surface temper-
ature (SST) and convectionwhich strongly inﬂuence the ENSOvariability. Figure 9 showsproperties of theﬂow
in the lower tropical stratosphere centeredover thePaciﬁc asderived fromERA-Interim.Here the total horizon-
talwind (color coded) aswell as thePV isolines (PV=5PVU, yellow)depict thediﬀerencesbetweenLaNiña and
El Niño conﬁgurations. Furthermore, as a proxy for the climatological position of convection, regions with low
Outgoing LongwaveRadiation (OLR) arehighlightedby red isolines. This satellite-based climatology is derived
from the NOAA interpolated OLR data between 1979 and 2013, http://www.esrl.noaa.gov/psd/enso/mei, and
by using the same composites of La Niña/El Niño events as in our previous analysis. Finally, the respective
proxy for the SST anomaly (cyan/orange-negative/positive anomaly during La Niña/El Niño) is derived from
the lowest layer of the ERA-Interim data.
Both the absolute values of the horizontal wind as well as its direction indicate that during the El Niñowinters
the convection extends to the Eastern Paciﬁc and thewinds becomemore zonally symmetric, especially in the
northern extratropics, east of the 180∘Emeridian, if compared with the La Niña situation. Consistently, the PV
distribution (here PV = 5 PVU isoline, yellow) during La Niña shows a stronger stratospheric inﬂuence in this
region indicating enhanced isentropic mixing. At the lower levels, such stratospheric intrusions coincide with
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Figure 10. Zonally averaged diabatic vertical velocities at 𝜃 = 390 K and the respective standard deviation for all boreal
winters (DJF) between 1979 and 2013 as well for the La Niña/El Niño composites. The enhanced standard deviation
relative to the zonal mean in the tropics during La Niña phase has its origin in the enhanced zonal variability of the
subtropical jets, mainly in the ENSO region.
regions of westerly tropical winds over the Western Paciﬁc, so-called “westerly ducts” [Waugh and Polvani,
2000].Waugh and Polvani [2000] also found a strong interannual variability of such events, with fewer events
during El Niño.
These ﬁndings are also consistentwith recent results of an idealized aquaplanet study. Yangetal. [2014] found
that the zonal distribution of SST perturbations has a major impact on the vertical and meridional structure
of the BD circulation. Zonally localized SST heating (like during La Niña) tends to generate a shallow accel-
eration of the stratospheric residual circulation and enhanced isentropic mixing associated with a weakened
stratospheric jet. In contrast, SST heating with a zonally symmetric structure (like during El Niño) tends to
produce a deep strengthening of the stratospheric residual circulation, suppressed isentropic mixing associ-
ated with a stronger stratospheric jet, and a decrease of AoA in the entire stratosphere. Yang et al. [2014] also
linked the shallow versus deep strengthening of the stratospheric residual circulation to wave propagation
and dissipation in the subtropical lower stratosphere rather than wave generation in the troposphere.
To quantify the ENSO-related zonal asymmetry of the BD-circulation, Figure 10 shows the zonally averaged
diabatic vertical velocities d𝜃/dt at 𝜃 = 390 K and the respective standard deviation for all boreal winters
(DJF) between 1979 and 2013 as well as for the La Niña/El Niño composites. As expected, largest and smallest
absolute values of d𝜃/dt could be diagnosed for El Niño and La Niña cases, respectively. Interestingly, the
standard deviation in the tropics is almost twice as large during La Niña relative to El Niño and has its origin
in the enhanced zonal and meridional variability of the northern hemispheric subtropical jet between 180
and 300∘E. Furthermore, this increase in zonal asymmetry at 𝜃 = 390 K is mostly conﬁned to the tropics and
negligible in high latitudes.
7. Discussion and Conclusions
A particularly remarkable result concerns the zonally averaged ENSO anomalies of water vapor transport into
the lower tropical stratosphere with wet (dry) anomalies following the El Niño (La Niña) winters (see water
vapor tape recorder signatures in Figures 6 and 7). However, as can be inferred from Figure 4 (bottom),
the water vapor during La Niña at 𝜃 = 390 K shows mostly positive anomalies apparently contradicting the
expected dry anomaly of the zonal mean after the La Niña winter. To resolve this contradiction, Figure 11
shows the zonally resolved view after 3 (top row) and 5 (bottom row) months for 𝜃 = 390 K (top row) and for
𝜃 = 420∕450 K (bottom row) for the La Niña/El Niño composites, respectively. The corresponding positions in
the tape recorder plots (Figure 7) are denoted as black squares. First, the anomalies during the ENSO winter
are mainly caused by temperature anomalies at the tropical tropopause, i.e., in the 𝜃 range between 370 and
380 K. Thus, to see this eﬀect at 𝜃 = 390 K, we have to move in time by an appropriate time lag, here by 3 and
5months in Figures 11 (top) and 11 (bottom), respectively. From these plots it is not only obvious how the dry
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Figure 11. Zonally resolved CLaMS composites of water vapor for (top) 3 and (bottom) 5 months after the ENSO event
shown in the same way as in Figure 4 (bottom). (top row) The 𝜃 = 390 K is used with the same lowest temperatures
isolines (black) as in Figure 4. To take into account the ascending of the tape recorder anomaly, (bottom row) CLaMS
composites shifted by 5 months are shown at 𝜃 = 420 K and 450 K, for the La Niña/El Niño composites, respectively
(compare with black squares in Figure 7).
and wet anomalies evolve during the months following the respective ENSO phase but we can also see how
the zonally inhomogeneous imprints of water vapor anomalies homogenize along the zonal direction with
time and altitude as they propagate upward into the stratosphere. Because the El Niño anomaly propagates
slightly faster than the La Niña signal, we choose two diﬀerent potential temperatures, 𝜃 = 450 and 420 K,
respectively, to catch these anomalies after 5 months of upward transport.
Furthermore, althoughduring El Niñowinters, a stronger residual circulation coincideswith lowestmean tem-
peratures in the TTL, this fact does not necessarily mean that freeze drying in the coldest regions of the TTL
is more eﬃcient than during La Niña. Our analysis rather shows the opposite, i.e., a dry anomaly following La
Niña winters. The reasons for this puzzling fact are diﬀerent signatures in the local (Lagrangian) cold points
and the temperature zonalmeans [HoltonandGettelman, 2001; BonazzolaandHaynes, 2004]. This can be seen
by comparing the respective zonal means of the lowest temperatures in Figure 1 (yellow isolines) with the
horizontal temperature distribution at 𝜃 = 390 K in Figure 4 (black isolines) being a proxy for the Lagrangian
cold point. Thus, the (absolute) lowest temperatures can be diagnosed during LaNiña phasewhereas the low-
est zonal mean temperatures can obviously be found during El Niño. However, while the diﬀerences of H2O
in the zonally resolved picture are of the order 1 ppmv, these diﬀerences becomemuch smaller for the zonal
mean and are of the order 0.2 ppmv. The tape recorder structure of these anomalies which ascend into the
lower tropical stratosphere is a very robust signature if the meridional range is changed from ±10 to ±25∘N.
El Niño and La Niña deﬁne two diﬀerent states of atmospheric dynamics and composition extending into the
lower stratosphere. The strong zonal asymmetry of water vapor, ozone, or EP ﬂux distributions during La Niña
is contrastedwithmuchmore zonally symmetric distributions during ElNiño. The asymmetry betweenElNiño
and La Niña is strongest in the tropics and much weaker at high latitudes. Therefore, the zonally symmetric
picture of the residual circulation, in particular, of the climatological variability of tropical upwelling at the
lower levels of the stratosphere, needs a more longitudinally resolved description, especially during strong
La Niña years.
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Based on comparison of diﬀerent meteorological reanalysis products, Abalos et al. [2015] found that changes
in the global BD circulation aremainly linked to the boreal winter season duringwhich ENSO variability peaks.
Zonal diﬀerences between the mean El Niño and La Niña states around the cold point tropical tropopause
may have an impact on regional climate variability, the pathway of water vapor into the stratosphere and,
consequently on climate trends. In particular, very low temperatures in this region strongly inﬂuence the radi-
ation escaping the troposphere into space and trace gas changes in this region are therefore likely to aﬀect
surface climate [Gettelman et al., 2011; Riese et al., 2012].
Finally, although we are in agreement with previous studies that strong El Niño (La Niña) events moisten
(dry) the stratosphere, their interaction with the mSSW as discussed in Tao et al. [2015], which mainly dry the
stratosphere, especially during the easterly QBO phase, is still an open question. In our study, the mSSWs
occur with similar frequency for the considered El Niño/La Niña composites (see Table 1) and, presumably,
their eﬀects cancel. However, their interaction with ENSO variability cannot be excluded mainly because of a
limited length of our time series (35 years). Longer time series as provided by climate models are needed to
ﬁnd a possible connection.
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